In Brief
Cui et al. show that central amygdala PKC-d+ neurons can modulate negative reinforcement learning by transmitting aversive signals to the substantia innominata.
SUMMARY
Aversive stimuli can impact motivation and support associative learning as reinforcers. However, the neural circuitry underlying the processing of aversive reinforcers has not been elucidated. Here, we report that a subpopulation of central amygdala (CeA) GABAergic neurons expressing protein kinase C-delta (PKC-d+) displays robust responses to aversive stimuli during negative reinforcement learning. Importantly, projections from PKC-d+ neurons of the CeA to the substantia innominata (SI) could bi-directionally modulate negative reinforcement learning. Moreover, consistent with the idea that SI-projecting PKC-d+ neurons of the CeA encode aversive information, optogenetic activation of this pathway produces conditioned place aversion, a behavior prevented by simultaneous ablating of SI glutamatergic neurons. Taken together, our data define a cell-type-specific neural circuitry modulating associative learning by encoding aversive reinforcement signals.
INTRODUCTION
Associative learning is typified by associating a conditioned stimulus (CS) with a reinforcer (unconditioned stimulus [US]), such as appetitive or aversive reinforced stimuli, to guide learning (Fanselow and Poulos, 2005; LeDoux, 2000) . In complex environments, associating danger with conditioned or predictive danger cues is important in animals for the rapid avoidance of threats. Negatively reinforced associative learning, which is a form of operant conditioning that allows organisms to orient toward specific goals in the environment and flexibly control actions, has been documented behaviorally (Avarguè s-Weber et al., 2010; Cybulska-Klosowicz et al., 2009; O'Doherty et al., 2004; Resnik et al., 2012) . However, determining the precise neuronal circuits and mechanisms underlying the processing of aversive reinforcers remains a major endeavor of behavioral neuroscience. An impressive body of literature suggests that the amygdala complex is critical for the integration and control of classical fear conditioning in which animals learn to associate aversive events with stimulus cues (Ehrlich et al., 2009; Haubensak et al., 2010; Herry et al., 2008) . Thus, one candidate structure for negatively reinforced associative learning is the central amygdala (CeA), which contains both medial (CeM) and lateral (CeL) divisions and serves as a major output of the amygdala complex (Davis et al., 2003; Ehrlich et al., 2009; Paré et al., 2004 ). There are two major subpopulations of GABAergic neurons found in the CeL, one expressing the neuropeptide somatostatin (SOM) and the other expressing protein kinase C-delta (PKC-d) (Haubensak et al., 2010; Li et al., 2013) . These two subpopulations have distinct functions in associative fear learning (Ciocchi et al., 2010; Haubensak et al., 2010; Li et al., 2013) . SOM neurons represent CeL on neurons (excited in response to CS) and PKC-d neurons represent CeL off neurons (inhibited in response to CS) during fear expression (Ciocchi et al., 2010; Fadok et al., 2017; Haubensak et al., 2010; Li et al., 2013; Yu et al., 2016) . Previous research has revealed that the firing rates of CeA neurons increase selectively at the time of reward omission in well-trained rats during a forced-choice task (Calu et al., 2010) . Amygdala responses could be evoked by aversive unconditioned footshock stimuli (McHugh et al., 2014) . In addition, the parabrachial nucleus, as an upstream brain region, selectively transmits the US aversive signal to the CeL during aversive learning (Han et al., 2015) . However, it remains to be determined which cell types in the CeL encode aversive signals.
Previous research has shown that CeA neurons project prominently to and form symmetric synapses mainly in the subnuclei ventrolateral substantia innominata (SI) of the basal forebrain (BF) (Jolkkonen et al., 2002) . BF cholinergic neurons show short latency activation after the delivery of punishment in an auditory detection task and convey precisely time-locked signals to large areas of the brain (Hangya et al., 2015) . Two other populations in the BF, GABAergic and glutamatergic neurons, have been implicated in encoding motivational salience in go/no-go associative learning (Avila and Lin, 2014; Hangya et al., 2015; Lin and Nicolelis, 2008) . Interestingly, in a similar behavioral task, in vivo
